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TES on the Aura Mission: Scientific Objectives,
Measurements, and Analysis Overview

Reinhard Beer

Abstract—The Tropospheric Emission Spectrometer (TES) is a
high-resolution infrared imaging Fourier transform spectrometer
specifically aimed at determining the chemical state of the Earth’s
lower atmosphere (the troposphere). In particular, TES produces
vertical profiles 0-32 km of important pollutant and greenhouse
gases such as carbon monoxide, ozone, methane, and water vapor
on a global scale every other day.

Index Terms—Chemistry, Fourier spectroscopy, infrared spec-
troscopy, ozone, remote sensing, terrestrial atmosphere.

1. INTRODUCTION

HE Tropospheric Emission Spectrometer (TES) on the

Earth Observing System (EOS) Aura mission provides a
global view of several species in the troposphere (the lowest
region of the atmosphere, extending from the surface to about
10-15 km altitude). While other satellite experiments such as
the Global Ozone Monitoring Experiment (GOME) [1], [2],
the Measurements of Pollution in the Troposphere (MOPITT)
[3]-[5], and the Interferometric Measurements of Greenhouse
Gases (IMG) [6] have provided global measurements of some
species (e.g., carbon monoxide), the TES investigation is
especially focused on mapping the global distribution of tro-
pospheric ozone and on understanding the factors that control
ozone concentrations.

Ozone is produced in the troposphere by photochemical oxi-
dation of carbon monoxide (CO) and hydrocarbons in the pres-
ence of nitrogen oxides (NOy) and water vapor. These ozone
precursors have both natural and anthropogenic sources. The
chemistry of ozone is complex and tightly coupled to the at-
mospheric transport of both ozone and the precursors.

Tropospheric ozone has the following three major environ-
mental impacts.

1) As an air pollutant. Ozone in surface air is toxic to hu-
mans, animals, and vegetation. It is the principal harmful
component of smog.

2) As a cleansing agent. Photolysis of ozone in the presence
of water vapor is the primary source of the hydroxyl rad-
ical (OH), which is the main oxidant in the atmosphere.
Reactions with OH in the lower and middle troposphere
are the principal sink for a large number of environmen-
tally important species including air pollutants (carbon
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monoxide), greenhouse gases (methane), and gases de-
pleting the stratospheric ozone layer (HCFCs, methyl
halides).

3) As a greenhouse gas. Ozone in the middle and upper tro-
posphere is an efficient greenhouse gas. Perturbation of
ozone in this region of the atmosphere results in spa-
tially and seasonally variable radiative forcing with com-
plicated implications for climate.

The troposphere contains only about 10% of the total ozone
in the atmosphere—the bulk is in the stratosphere. The envi-
ronmental implications of tropospheric ozone are very different
from those of stratospheric ozone. The ozone layer in the strato-
sphere shields the Earth’s surface from solar UV-B radiation,
and thinning of this layer as a result of human activities is a
matter of grave concern. Tropospheric ozone, by contrast, has
increased as a consequence of human activity (primarily be-
cause of combustion processes). Whether this increase in tro-
pospheric ozone is beneficial (cleansing agent) or harmful (air
pollutant, greenhouse gas) depends to a large extent on its alti-
tude. It is very important, therefore, to map the global three-di-
mensional distribution of tropospheric ozone and its precursors
in order to improve our understanding of the factors controlling
ozone in different regions of the troposphere.

The specific Standard Products that TES produces are
global-scale vertical concentration profiles (0-~33 km) of
ozone, water vapor, carbon monoxide, methane, nitrogen
dioxide, and nitric acid (the last two in the mid and upper
troposphere only). Essential by-products of the analysis are
atmospheric temperature profiles and surface temperature
and emissivity. In addition, since TES is a spectrometer with
near-continuous coverage of the spectrum, we will search for
localized species such as hydrogen cyanide, ammonia, and
vibrationally excited carbon monoxide from biomass burning
and sulfur dioxide from volcanoes.

II. INSTRUMENT CHARACTERISTICS

TES is an infrared, high-resolution, Fourier transform
spectrometer covering the spectral range 650-3050 cm™!
(3.3-15.4 pum) at a spectral resolution of 0.1 cm™! (nadir
viewing) or 0.025 cm™! (limb viewing). The two observation
modes are essential because many of the spectral features that
TES observes are very weak (especially the nitrogen oxides)
and limb-viewing markedly enhances their measurability due
to the long path through the atmosphere (but with the defi-
ciency that cloud interference is much more likely than in nadir
viewing, where TES has relatively good spatial resolution).
That is, at the limb, height discrimination is determined by
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Fig. 1. Schematic of the TES optical system.

the instrument geometry whereas in the nadir, height discrim-
ination depends on spectral resolution, which can separate
the broadened wings of spectral features formed in the lower
atmosphere (pressure broadening) from the sharper line cores
formed at high altitude where the pressure is low.

In order to improve signal-to-noise ratio and collection effi-
ciency, TES is, except for its pointing system, radiatively cooled
to ~180 K, and it divides the spectral range into four subregions,
each observed with a separate 1 x 16 array of detectors (identi-
fied as 1A, 1B, 2A, and 2B) actively cooled to 65 K. The band-
width is further restricted to ~ 250 cm™?! by interchangeable fil-
ters. With these arrays, 16 altitudes in the troposphere and lower
stratosphere are observed simultaneously with a height separa-
tion of 2.3 km or, alternatively, 16 contiguous areas (each 0.5
x 5 km) are observed on the ground. A complete description of
TES can be found in [7], but Fig. 1 shows a schematic of the
optical system and Fig. 2 the viewing geometries.

III. OPERATING MODES

TES was launched into a polar sun-synchronous orbit (13:38
local mean solar time ascending node) on July 15, 2004. The
orbit repeats its ground track every 16 days (233 orbits), al-
lowing global mapping of the troposphere on a reproducible
grid.

Standard Products are produced from Global Surveys. Global
Surveys consist of a sequence of observations: a view of cold
space followed by a view of the internal 340-K black body (both
calibrations at 0.1-cm~! resolution) followed by two 0.1-cm !
resolution nadir scans and three 0.025-cm~! resolution limb
scans. Each such sequence occupies about 82 s and is repeated
continuously for 16 orbits (just over one day). The dataset is
preceded and followed by two orbits of calibration. After inter-
vals of nine or ten orbits (used for Special Observations such as
validation campaigns, biomass burning, and volcano measure-
ments), the whole cycle begins again at the beginning of the next
16-day period. The coverage during a typical Global Survey is
shown in Fig. 3.

The most commonly used Special Observation mode is called
“step-and-stare” where TES is pointed at nadir for 4 s (plus
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Fig. 2. Diagram of the TES viewing geometry. Downlooking view: TES can
target locations anywhere within 45° of nadir (e.g., volcanoes). However, most
observations are made along the in-track direction. Limb view: the detector
arrays are positioned so that their centers are aimed at 16 km above the geoid.
Calibration view: the detectors are aimed alternately at an onboard 340-K
blackbody calibration source and at cold space (approximately 350 km above
the geoid).
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Fig. 3. Coverage during a typical 16-orbit Global Survey (crosses). There are
eight such surveys undertaken during the 16-day repeat period of the orbit. Each
successive Global Survey is shifted eastward in longitude by about 2° at the
equator.

1.2 s for instrument reset and turnaround). During this time, the
spacecraft has moved about 35 km, and another nadir view is
acquired. Such a cycle can be repeated indefinitely but is usu-
ally limited to 40° of orbital latitude. A similar mode can be
employed at the limb.

However, because TES is a targetable instrument, Special Ob-
servations can also be conducted either using transects wherein
the successive footprints are “stacked” end-to-end for as much
as 800 km or by staring at a specific location (e.g., a volcano)
for as much as 240 s.

IV. DATA ANALYSIS

Data analysis proceeds through the following several levels.
Level 0 is the raw serial bit-stream from the spacecraft.
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Fig. 4. Example of the global distribution of ozone in the lower troposphere
on September 20, 2004. Diamonds indicate the locations of observation—the
map has been interpolated for clarity. Notes: 1 Dobson Unit (DU) = a column
of 2.686 x 10'® molecules/cm?; 500 hPa is the pressure at approximately 5.6
km above mean sea level.

Level 1A takes this bit-stream and reconstructs the orig-
inal interferograms—one for each of the 64 pixels. The
geolocation of the observation is also computed at this
time.

Level 1B converts the interferograms into spectra and,
when appropriate, applies radiometric calibration to
the data. Spectral radiances from Global Surveys will
be openly available from the Atmospheric Sciences
Data Center at the NASA Langley Research Center in
Hampton, VA. The paper by Worden et al. [8] in this
issue describes the algorithms used for this process.
Level 2 extracts the vertical abundance profiles from
the calibrated spectra. The general approach is to con-
struct a “forward model” using an initial guess at the
state of the atmosphere and, via an equation of radiative
transfer, to compute the expected radiance spectrum.
This computed spectrum is compared to the observa-
tion and, using appropriate rules and constraints, the
initial guess is modified until the model and the obser-
vation are indistinguishable. The resultant constituent
profiles and associated error covariances from Global
Surveys are available at the Langley Research Center
Atmospheric Sciences Data Center.

The papers by Clough et al. [9], Bowman et al. [10], and Ku-
lawik e al. [11], [12] in this issue discuss the specific algorithms
and associated error analysis used by TES. Elsewhere, Lampel
et al. [13] discuss the problem of species retrieval in the pres-
ence of clouds, and Rodgers [14] provides a general background
to the many methods that have been developed to address the in-
version problem.

In addition, the papers by Chu et al. [15] and Paradise et al.
[16] describe the ground data system and associated software
which execute the aforementioned algorithms.

Level 3 takes the retrieved profiles and puts them onto
global maps at predetermined pressure levels. This is
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primarily a browse product. An example of such a
map is shown in Fig. 4, where the enhanced ozone off
the west cost of Africa due to Southern Hemisphere
biomass burning is clearly evident, as is the expected
very low ozone concentration in the intertropical con-
vergence zone to the east of Indonesia.

Level 4, still under development, will take the profiles
and error analysis and through a process of data as-
similation, drive global chemical transport models to
provide, among other things, a “chemistry forecast.”

V. CONCLUSION

The Tropospheric Emission Spectrometer is in excellent
health and operating normally on the EOS Aura platform.
We have every expectation that significant advances in our
knowledge of global tropospheric chemistry will ensue over
the next few years.

Since the foregoing was written, concerns about instrument
lifetime have required a modification to the Global Survey
strategy. Routine limb observations have been eliminated (but
are still occasionally available as Special Observations) and a
third nadir observation added.

ACKNOWLEDGMENT

An instrument system as complex as TES could not have been
realized without the dedicated efforts of almost 200 individuals
over a period of several years. The author wishes to thank them
all but with a specific acknowledgment of the Project Manager,
T. A. Glavich, for almost 16 years of effort above and beyond
the call of duty.

REFERENCES

[1] P.Borrell,J. P. Burrows, U. Platt, A. Richter, and T. Wagner, “New direc-
tions: New developments in satellite capabilities for probing the chem-
istry of the troposphere,” Atmos. Environ., vol. 37, pp. 2567-2570, 2003.

[2] J. P. Burrows, M. Weber, M. Buchwitz, V. V. Rozanov, A. Ladstidter-
Weissenmayer, A. Richter, R. de Beek, R. Hoogen, K. Bramstedt, K.-U.
Eichmann, M. Eisinger, and D. Perner, “The Global Ozone Monitoring
Experiment (GOME): Mission concept and first scientific results,” J.
Atmos. Sci,, vol. 56, pp. 151-175, 1999.

[3] M.N. Deeter, L. K. Emmons, G. L. Francis, D. P. Edwards, J. C. Gille, J.
X. Warner, B. Khattatov, D. Ziskin, J.-F. Lamarque, S.-P. Ho, V. Yudin,
J.-L. Attie, D. Packman, J. Chen, D. Mao, J. R. Drummond, P. Nov-
elli, and G. Sachse, “Evaluation of operational radiances for the Mea-
surements of Pollution in the Troposphere (MOPITT) instrument CO
thermal-band channels,” J. Geophys. Res., vol. 109, no. D3, Feb. 14,
2004.

[4] M.N. Deeter, L. K. Emmons, D. P. Edwards, J. C. Gille, and J. R. Drum-
mond, “Vertical resolution and information content of CO profiles re-
trieved by MOPITT,” Geophys. Res. Lett., vol. 31, 2004.

[5] D. P. Edwards et al., “Observations of carbon monoxide and aerosols
from the Terra satellite: Northern Hemisphere variability,” J. Geophys.
Res., vol. 109, 2004.

[6] R.Imasu, “Preliminary results on the greenhouse gas measurements by
IMG sensor aboard ADEOS satellite,” J. NIRE (Shigen to Kankyo), vol.
7, pp.- 53-61, 1998.

[7]1 R.Beer, T. A. Glavich, and D. M. Rider, “Tropospheric Emission Spec-
trometer for the Earth Observing System’s Aura satellite,” Appl. Opt.,
vol. 40, pp. 2356-2367, May 20, 2001.

[8] H. Worden, R. Beer, K. Bowman, B. Fisher, M. Luo, E. Sarkissian, D.
Tremblay, and J. Zong, “TES level 1 algorithms: Interferogram pro-
cessing, geolocation, radiometric, and spectral calibration,” IEEE Trans.
Geosci. Remote Sens., vol. 44, no. 5, pp. 1288-1296, May 2006.



BEER: TES ON THE AURA MISSION

(91

[10]

(1]

[12]

[13]

S. A. Clough, M. W. Shephard, J. Worden, P. D. Brown, H. M. Worden,
M. Luo, C. D. Rodgers, C. P. Rinsland, A. Goldman, L. Brown, A. El-
dering, S. S. Kulawik, K. E. Cady-Pereira, M. C. Lampel, G. Osterman,
and R. Beer, “Forward model and Jacobians for Tropospheric Emission
Spectrometer retrievals,” IEEE Trans. Geosci. Remote Sens., vol. 44, no.
5, pp. 1308-1323, May 2006.

K. Bowman, C. D. Rodgers, S. S. Kulawik, J. Worden, E. Sarkissian,
G. Osterman, T. Steck, M. Luo, A. Eldering, M. Shepherd, H. Worden,
M. Lampel, S. Clough, P. Brown, C. Rinsland, M. Gunson, and R. Beer,
“Tropospheric Emission Spectrometer: Retrieval method and error anal-
ysis,” IEEE Trans. Geosci. Remote Sens., vol. 44, no. 5, pp. 1297-1307,
May 2006.

S. S. Kulawik, G. Osterman, and D. Jones, “Calculation of altitude-de-
pendent Tikhonov constraints for TES nadir retrievals,” IEEE Trans.
Geosci. Remote Sens., vol. 44, no. 5, pp. 1334-1342, May 2006.

S. S. Kulawik, H. Worden, G. Osterman, M. Luo, R. Beer, J. Worden,
K. Bowman, A. Eldering, M. Lampel, T. Steck, and C. Rodgers, “TES
atmospheric profile retrieval: An orbit of simulated observations,” IEEE
Trans. Geosci. Remote Sens., vol. 44, no. 5, pp. 1324-1333, May 2006.
M. C. Lampel, R. Herman, R. Beer, K. Bowman, A. Eldering, B. Fisher,
M. Gunson, S. Kulawik, M. Luo, G. Osterman, D. Rider, H. Worden,
J. Worden, S. Clough, and M. Shephard, “Assessing the Tropospheric
Emission Spectrometer sea surface temperature retrievals in the presence
of clouds,” J. Geophys. Res., 2006, submitted for publication.

[14]

[15]

[16]

1105

C. D. Rodgers, Inverse Methods for Atmospheric Sounding: Theory and
Practice. Singapore: World Scientific, 2000.

E. Chu, K. Croft, A. Griffin, and D. Tremblay, “TES science investi-
gator-led processing system,” IEEE Trans. Geosci. Remote Sens., vol.
44, no. 5, pp. 1352-1358, May 2006.

S. Paradise, S. Akopyan, K. Croft, K. Fry, S. Gluck, D. Ho, M. Lampel,
J. McDuffie, R. Monarrez, H. Nair, S. Poosti, D. Shepard, I. Strickland,
D. Tremblay, H. Yun, and J. Zong, “TES ground data system software,”
IEEE Trans. Geosci. Remote Sens., vol. 44, no. 5, pp. 1343-1351, May
2006.

Reinhard Beer received the Ph.D. degree in physics
from the University of Manchester, Manchester,
U.K,, in 1960.

He is currently the Principal Investigator for the
Tropospheric Emission Spectrometer on the Earth
Observing System Aura satellite launched on July
15, 2004. He joined the Jet Propulsion Laboratory,
California Institute of Technology, Pasadena, in
1963.



	toc
	TES on the Aura Mission: Scientific Objectives, Measurements, an
	Reinhard Beer
	I. I NTRODUCTION
	II. I NSTRUMENT C HARACTERISTICS

	Fig.€1. Schematic of the TES optical system.
	III. O PERATING M ODES

	Fig.€2. Diagram of the TES viewing geometry. Downlooking view: T
	Fig.€3. Coverage during a typical 16-orbit Global Survey (crosse
	IV. D ATA A NALYSIS

	Fig.€4. Example of the global distribution of ozone in the lower
	V. C ONCLUSION
	P. Borrell, J. P. Burrows, U. Platt, A. Richter, and T. Wagner, 
	J. P. Burrows, M. Weber, M. Buchwitz, V. V. Rozanov, A. Ladstädt
	M. N. Deeter, L. K. Emmons, G. L. Francis, D. P. Edwards, J. C. 
	M. N. Deeter, L. K. Emmons, D. P. Edwards, J. C. Gille, and J. R
	D. P. Edwards et al., Observations of carbon monoxide and aeroso
	R. Imasu, Preliminary results on the greenhouse gas measurements
	R. Beer, T. A. Glavich, and D. M. Rider, Tropospheric Emission S
	H. Worden, R. Beer, K. Bowman, B. Fisher, M. Luo, E. Sarkissian,
	S. A. Clough, M. W. Shephard, J. Worden, P. D. Brown, H. M. Word
	K. Bowman, C. D. Rodgers, S. S. Kulawik, J. Worden, E. Sarkissia
	S. S. Kulawik, G. Osterman, and D. Jones, Calculation of altitud
	S. S. Kulawik, H. Worden, G. Osterman, M. Luo, R. Beer, J. Worde
	M. C. Lampel, R. Herman, R. Beer, K. Bowman, A. Eldering, B. Fis
	C. D. Rodgers, Inverse Methods for Atmospheric Sounding: Theory 
	E. Chu, K. Croft, A. Griffin, and D. Tremblay, TES science inves
	S. Paradise, S. Akopyan, K. Croft, K. Fry, S. Gluck, D. Ho, M. L



